Sexual dimorphism (SD) in morphological, behavioural and physiological features is common, but the genetics of SD in the wild has seldom been studied in detail. We investigated the genetic basis of SD in morphological traits of threespine stickleback (Gasterosteus aculeatus) by conducting a large breeding experiment with fish from an ancestral marine population that acts as a source of morphological variation. We also examined the patterns of SD in a set of 38 wild populations from different habitats to investigate the relationship between the genetic architecture of SD of the marine ancestral population in relation to variation within and among natural populations.
Introduction
Sexual dimorphism (SD) in morphological, behavioural and physiological features is of common occurrence in the wild. SD in traits closely related to reproduction is typically interpreted in terms of adaptation of males and females to their respective reproductive roles (reviewed by, for example, Greenwood and Adams, 1987; Anderson, 1994; Short and Balabban, 1994; Mealey, 2000; Fairbairn et al., 2007) , while SD in traits not directly related to reproduction has been suggested to be a result of adaptation of the two sexes to different ecological niches (Slatkin, 1984; Hedrick and Temeles, 1989) .
The adaptive explanations for the evolution of SD in different contexts have been widely accepted, yet a largely unresolved issue lies beneath-the role of genomic conflict between the sexes, which is caused by the same genes determining the same traits in both sexes (Rice, 1984; Gibson et al., 2002; Bonduriansky and Rowe, 2005; Fairbairn et al., 2007) . In other words, the genetic correlation between the sexes (r g (MF) ) is likely to slow down the evolution of SD (Lande, 1980; Reeve and Fairbairn, 2001; Fairbairn et al., 2007) , and theoretically, in the extreme case, when genetic correlation between the sexes for a given trait is perfect (r g(MF) ¼ 1), SD should not evolve. However, even in the presence of high r g (MF) , SD can evolve if the sexes differ in the extent of genetic variance for a trait (Lynch and Walsh, 1998) .
Simulations have shown that genetic correlations between the sexes constrain the evolution of SD much less than predicted by Lande's (1980) model (Reeve and Fairbairn, 2001) , which is built around the matrix of genetic variances and covariances between the sexes. Evidence from empirical work is mixed, indicating that the issue is not fully resolved. Studies that have tested the association between r g(MF) and the degree of SD have both found (Ashman, 2003; Bonduriansky and Rowe, 2005; McDaniel, 2005; Fairbairn, 2007) and failed to find (Cowley et al., 1986; Cowley and Atchley, 1988 ; correlation reported in Fairbairn and Roff, 2006) significant negative correlation between these two measures. A survey five dioecious and gynodioecious plant species also came up with mixed results; the relationship between genetic correlation between the sexes and level of SD depended on the species in question (Ashman and Majetic, 2006) . A recent meta-analysis of 66 dioecious plant and animal populations uncovered a negative correlation between r g(MF) and SD, indicating that r g(MF) more often than not constrains the evolution of SD (Poissant et al., 2010) . The most likely reason for this is that r g(MF) of morphological traits are usually large and positive, while r g(MF) of physiological and fitness traits are typically smaller (Poissant et al., 2010) .
SD in threespine stickleback (Gasterosteus aculeatus) body shape (Leinonen et al., 2006; Kitano et al., 2007; Aguirre et al., 2008; Spoljaric and Reimchen, 2008) and armour (Moodie, 1972; Moodie and Reimchen, 1976; Reimchen, 1980; Reimchen et al., 1985; Fernández et al., 2000; Reimchen and Nosil, 2006; Aguirre et al., 2008) has been reported from a number of wild populations across the species distribution range. The level of SD in threespine stickleback body shape has been shown to vary across habitats (Spoljaric and Reimchen, 2008) , as well as over time in a single population (Aguirre et al., 2008) . Although the genetic basis of the individual characters, especially body armour (for example, Peichel et al., 2001; Cresko et al., 2004; Schluter et al., 2004; Colosimo et al., 2005) , is relatively well established, the genetic basis of SD has received less attention (but see Kitano et al., 2007; Albert et al., 2008) . It has been shown that the majority of QTLs for body shape are located in the sex-determining region (Albert et al., 2008) . It is also evident that ancestral SD reflects the body shape divergence observed between the limnetic and benthic ecotypes (Albert et al., 2008) . These findings together suggest that ancestral SD has had a large role in promoting population divergence in the threespine stickleback species complex by providing variation on which selection can act (Aguirre et al., 2008; Albert et al., 2008) .
The main aim of this study was to investigate the genetic basis of SD in a marine (ancestral) threespine stickleback population in detail. Specifically, we aimed to answer the following questions: (1) is the genetic basis of body shape and armour variation in males and females similar? If so, there should be no differences in sexspecific heritability estimates, or in the structure and orientation of sex-specific genetic covariance matrices among sexes reared under standard environmental conditions. (2) Do the possible similarities in genetic architecture of the traits in question impose constraints on the evolution of SD? A negative association between r g(MF) and the level of SD across different traits would indicate that the genomic conflict constrains the evolution of SD. If the constraints are severe and the genomic conflict has not been resolved, we should not find differences in the levels of SD in wild populations from different habitats, which leads to the final question. (3) Is the genetic basis of SD, as inferred from the laboratory data, reflected in the patterns of variation in SD among wild populations?
Materials and methods
Sampling and fish rearing A total of 1919 fish from 37 wild populations in Europe and 1 in the United States (Maine, Penebscot Bay) were sampled (Supplementary Table S1 ). The populations were classified as sea (n ¼ 13), lake (n ¼ 4), pond (n ¼ 10), migratory (n ¼ 3) and resident river (n ¼ 8) according to their sampling sites (for phylogenetic relationships of these populations see: Mäkinen et al., 2006; Mäkinen and Merilä, 2008) .
For the lab cross, we used a population from the Baltic Sea (Vuosaari, Helsinki; 60110 0 N, 25100 0 E) as a representative ancestral population. Previous studies have shown that this population differs very little from oceanic populations, both genetically and phenotypically (Leinonen et al., 2006) and is likely to represent the ancestral form of the Fennoscandian and Northern European populations (Mü nzing, 1963; Reusch et al., 2001; Leinonen et al., 2006; Mäkinen et al., 2006) .
Mature male and gravid female threespine sticklebacks were collected during the breeding season in June 2006. A seine net with 6 mm mesh size was used for capture. The fish were transported into the aquacultural facility at the University of Helsinki, and the crosses were made in vitro immediately on arrival. The crosses were performed using a nested paternal half-sib design, that is, each male was crossed with two different females.
In total, 42 males were crossed with 84 females. Males were anaesthetized and killed with an overdose of MS-222 (tricane methanesulphonate) before extracting the testes and finely chopping them in a few drops of water. The sperm solution was used to fertilize eggs, which were obtained by gently pressing the abdomen of the females. The fertilized eggs were placed in cylindrical plastic containers with a plastic mesh bottom. The containers were submerged in 10 l plastic tanks with air supply to keep the water saturated with oxygen. Throughout the experiment the water temperature was set to 17 1C and the photoperiod to 12-h light:12-h dark. Once the eggs hatched, each clutch was divided into two replicate 10 l plastic tanks, and fed daily in excess with Artemia nauplii. After 3 months, the fish were also fed daily with chopped chironomid larvae.
The number of sticklebacks in each replicate tank was set to 15. Families with o15 fish per replicate (11 out of 84 half-sib families) were pooled with other families to make the density in each tank 15 individuals. The fish from different families were marked with fluorescent elastomer (Northwest Marine Technology, Inc., Shaw Island, WA, USA) fibres before pooling. The fish were killed after 6 months, when they had reached ca 4 cm in standard length and thus completed their lateral plate development (Hagen, 1973; Bell, 1981) . The fish were fixed in 4% formalin and stored horizontally for a minimum of 1 month, and then stained with Alizarin Red S using a procedure that has been previously used by, for example, Pritchard and Schluter (2001) . Before fixation, the pectoral fins were clipped and stored in 96% alcohol for sexing.
DNA from the fin samples were extracted using a method described by Duan and Fuerst (2001) and the sex was determined by amplifying a part of 3 0 UTR of IDH gene (Peichel et al., 2004) . PCR-conditions were optimized in order to get the male band more visible. The final PCR reaction volume was 10 ml and consisted of 1 ml template DNA diluted 1:10, 1 Â NH4 reaction buffer (Bioline), 1.5 mM MgCl 2 (Bioline, London, UK), 20 mM of each dNTP (Finnzymes, Espoo, Finland) (Fermentas, Helsinki, Finland) . Fragment sizes were determined against size standard (GeneRuler, Fermentas). Males had two fragments, B280 bp and 300 bp, females only one, 300 bp. Each PCR-plate contained verified male-DNA as a positive control, as well as a negative control (no sample). Fish from the wild populations were sexed via gonad inspection.
Data acquisition
To measure body shape variation, the left side of each fish was photographed with a digital camera. All photographs were taken from a standard angle, and a ruler was placed in each photograph for scaling. Landmark-based geometric morphometrics were used to measure the shape of the specimens. On each fish, 17 homologous landmarks were digitized using tpsDig 2 Version 2.10 ( Rohlf, 2006) . The landmarks (Figure 1a ;
Supplementary Table S2) were selected such that they would capture overall body shape with as few variables as possible, while still describing the morphological features that have been shown to be variable in threespine stickleback populations from different habitats (for example, Walker, 1997; Leinonen et al., 2006; Aguirre et al., 2008; Sharpe et al., 2008) . The lengths of the anterior and second dorsal spines were also measured from the photographs using tpsDig 2 Version 2.10 (Rohlf, 2006) . Digitized landmarks were superimposed using tpsRelw Version 1.45 (Rohlf, 2007) , which aligns, scales and rotates the landmark configurations using generalized orthogonal least squares superimposition with scaling to unit centroid size (Rohlf and Slice, 1990) . The same program was used to calculate partial warp scores (Bookstein, 1991) , which were used as shape variables in the subsequent analyses, and relative warp scores (which are essentially principal components, because equal weight was set for all partial warps at all spatial scales) for each individual. Linear measurements were calculated from distances between landmarks.
Although all the specimens were fixed, stained and photographed in a standardized manner, the possibility of measurement error because of distortion associated with the posture of the specimens and digitizing still remains (Arnqvist and Mårtensson, 1998) . To minimize the possible effect of systematic error, the fish were photographed in random order. There is also the possibility of an arching effect because of the non-rigid structure of the fish (for example, Albert et al., 2008; Valentin et al., 2008) . In previous studies of threespine stickleback body shape, the effect of bending on landmark data has been eliminated by removing the eigenvectors (with their associated eigenvalues) that have described vertical arching of the body (Albert et al., 2008; Sharpe et al., 2008) . In our data, the first phenotypic eigenvector also included vertical arching, but since the first eigenvector possibly also includes some genetic effects, we decided to keep all the shape data for the subsequent quantitative genetic analyses. We tested the effect of removing the bending with the 'unbend'-option implemented in tpsUtil (Ver. 1.38; Rohlf, 2006) . The results of the analyses of genetic variance components with unbent specimens corresponded to those with the original specimens, and for the phenotypic data, the results of the unbent specimens corresponded to the results of the original specimens with the first principal component removed (results not shown).
Quantitative genetic analyses
Genetic and phenotypic variance components were estimated using restricted maximum likelihood as implemented in ASReml software (Gilmour et al., 2001) . The variance components were estimated for partial warp scores (that is, shape variables) and body armour traits, as well as for linear measurements (calculated from interlandmark distances) that correspond to those body shape features that varied significantly in the geometric morphometric analyses (Figure 1b) . Linear measurements were used to overcome statistical and computational issues caused by the high dimensionality of geometric morphometric data (see below). Using linear measurements also simplifies the biological interpretation of the covariances and correlations between body shape and armour traits. All the variance and covariance components were estimated using animal model, in which animal and dam were fitted as random effects. As each half-sib family was reared in a replicate block, variance due to block was fitted in all the models as a fixed effect. All the analyses were performed separately for males and females. Sex-specific narrow sense heritabilities (h 2 ) were estimated for the linear measurements as well as for the armour traits. Heritabilites of SD (h 2 (SD) ) of the linear measurements and lateral plate numbers were estimated using the formula from Chapuis et al. (1996) : ) ), male and female measurements were considered as different traits. Spearman's rank correlation was used to test for the association between r g(MF) and the level of SD, which was quantified with the index: SD ¼ (size of the larger sex/size of the smaller sex)-1 (Lovich and Gibbons, 1992) .
The distribution of lateral plate numbers differed significantly from the probability distributions implemented in the ASReml software (for details, see Gilmour et al., 2006) . The distribution of the lateral plates was closest to the negative binomial distribution, and we therefore used the variance components from the analysis fitted with a negative binomial distribution with a logit link function. Fitting different probability distributions did not significantly affect the heritability estimates for the lateral plates (results not shown). As a result of software limitations (that is, lack of convergence in models with more than two dependent variables) that were due to the high number of dimensions (30 for the shape variables, 10 for the linear measurements), it was not possible to estimate all the covariance components by including all the variables in the same model Genetics of threespine stickleback sexual dimorphism T Leinonen et al simultaneously. The G and P of body shape were therefore compiled from pairwise covariances between the partial warps. For the linear measurements, the genetic and phenotypic variance components, G matrices, genetic correlations and the directions of maximum variance were estimated similarly as for the landmark data; the only difference being that standard length (see Figure 1b ) was used instead of centroid size as a covariate. The linear measurements were ln-transformed for the calculation of G matrices to remove the effects of absolute size of the traits on the variances. Genetic covariances and correlations between lateral plates and linear measurements were also estimated with standard length as a covariate, but because the distribution of the lateral plate numbers differed significantly from normality (that is, the distribution of the other traits), these covariances were not included in the comparisons of divergence vectors. The significance of the genetic (co)variances was tested with likelihood ratio tests, in which the full models were compared with those with (co)variances set to zero. The same method was used to test whether r g(MF) estimates differed from unity. Differences in heritabilities and variance components between the sexes were tested with paired t-tests.
Comparisons of G and P
To estimate the directions of greatest genetic covariance (g max ) for each sex, we performed principal component analyses of the G matrices, where the dominant eigenvectors represented g max (Schluter, 1996) . Accordingly, the dominant eigenvectors of the P matrices represented the maximum directions of phenotypic covariance (p max ). For the shape variables, the directions of genetic and phenotypic variances within and between the sexes were compared by vector correlations (which in essence are the inner products of the corresponding eigenvectors) and by calculating the angle between the vectors (arccosines of the vector correlations; Pimentel, 1979) . Confidence intervals for the correlations between the dominant genetic and phenotypic eigenvectors were estimated by a randomization test, in which the observed vector correlations were compared against a null distribution that was created by performing vector correlations of 10 000 pairs of random vectors in 30-dimensional space (for example, Klingenberg and McIntyre, 1998; Klingenberg and Leamy, 2001) .
Correlations between the directions of genetic and phenotypic covariances among and between the sexes for the linear measurements were calculated in the same way as for the partial warps, with the addition of calculating confidence intervals for the correlations by bootstrapping over families (cf. Schluter, 1996; McGuigan et al., 2005) . This was done by creating 1000 replicates of the G and P by randomly sampling families with replacement, and from the dominant eigenvectors of principal component analyses on these replicates of G and P, random pairings were made to generate 1000 estimates of the correlations and their respective angles.
Results
Lab-reared fish Trait means: In total, 766 males and 1140 females from 84 half-sib families were successfully sexed. The main differences in body shape between the sexes in the laboratory cross were that males had relatively deeper bodies, larger heads, longer jaws and snouts, more posterior pelvises, and shorter but deeper caudal peduncles (Figure 2a) . A multivariate analysis of variance on all the body shape variables confirmed significant SD in the laboratory cross (Wilks' l ¼ 0.34, Po0.001). All the linear measurements differed significantly between the sexes, with the exception of the dorsal fin length and the number of lateral plates (Figure 3) . In addition to the differences in body shape, the sexes differed also in relative dorsal spine length (females 4 males; Figure 3 ).
Heritabilities and genetic correlations
There were no significant differences in the heritability estimates between the sexes (Table 1) . However, maternal effect variance components were significantly higher in females than males for the length of the first dorsal spine, snout length, head depth and body depth (Table 1) . In contrast, males had a higher maternal effect variance component in the length of the caudal peduncle (Table 1) . Heritabilities of SD were expectedly low, with body depth dimorphism having the highest estimated h 2 SD (Table 1) . Genetic correlations between sexes were high, as could be expected, and none of them differed significantly from unity. With all the linear measurements combined, there was no significant correlation between r MF and the level of SD (r s ¼ 0.23, P ¼ 0.46).
Comparisons of G and P Directions of maximum additive genetic variance were correlated between the sexes when all the body shape variables were considered (r ¼ 0.77, 95% confidence interval (CI): 0.16-0.97), although the corresponding angle between the directions of the vectors was different from zero (y ¼ 371, 95% CI: 15-801). For the linear measurements, the correlation was lower (r ¼ 0.49, 95% CI: 0.024-0.92), and the angle between the directions deviated clearly from zero; y ¼ 591; 95% CI: 23-891). The correlation between sex-specific directions of maximum phenotypic divergence of the body shape variables (r ¼ 0.74, 95% CI: 0.05-0.98, y ¼ 381, 95% CI: 13-871) was similar to that of directions of g max . For the linear Figure 2 Body shape differences between male and female threespine sticklebacks (a) in laboratory and (b) in the wild sea populations. The illustrations depict the mean shapes of females and males with differences five times exaggerated. Bending of the grid shows the extent of dimorphism in different parts of the body (that is, more bending, more differentiation). A square grid would represent the mean for all specimens.
Genetics of threespine stickleback sexual dimorphism T Leinonen et al measurements, the correlation between directions of p max vectors was higher (r ¼ 0.94, 95% CI: 0.14-0.99; y ¼ 151; 95% CI: 6.2-821). The difference between g max and p max was similar in both sexes (females: r ¼ 0.64, 95% CI: 0.04-0.97, y ¼ 461, 95% CI: 14-881; males: r ¼ 0.59, 95% CI: 0.04-0.96, y ¼ 511, 95% CI: 17-871). The lack of significant differentiation between the G matrices and genetic correlations is also revealed by a heuristic inspection of the sex-specific matrices in Table 2 . Similarly, the P matrix structures and phenotypic correlations did not differ significantly between the sexes (Table 3) . 
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Wild populations SD in body shape in the wild populations was close to that observed in the lab (Figure 2 ). The main difference was observed in body depth, which did not differ as much in the wild as in the lab (Figures 2 and 3) . The linear measurements confirmed the trend, with the exception of armour traits and standard length, which differed in the level of SD in different habitats and the lab. Generally, SD in armour traits was more pronounced in lakes and rivers as compared with the anadromic, sea and pond populations. In all populations, males were larger in traits related to head shape and size, while females had longer caudal peduncles and pelvic bones (Figure 3 ). In traits that were consistently larger in one sex across habitats (that is, head depth and length, snout length, jaw length, caudal peduncle length and pelvis length), SD was more pronounced in lake than pond populations (Figure 3 ). There was no significant correlation between the variance in SD of the linear measurements and lateral plates across the wild populations and r g(MF) of these traits measured in the laboratory population (r s ¼ 0.28, P ¼ 0.38).
Discussion
In theory, the evolution of SD is constrained by genomic conflict; the same genes code for the same traits in both sexes (Lande, 1980; Reeve and Fairbairn, 2001; Fairbairn et al., 2007) . Although the general pattern seems to be that there is a negative correlation between the magnitude of the genetic correlation between the sexes and the level of SD (Poissant et al., 2010) Poissant et al. (2010) . Our results show that SD in morphological traits can evolve in natural populations despite strong genetic between-sex correlations. The present results also show that there is a heritable component to the SD despite strong inter-sex genetic correlations. In addition, the results indicate that the patterns of SD in wild populations cannot be predicted from the genetic correlations between the sexes in the ancestral population.
Patterns of SD in threespine stickleback
The general trends in the body shape and armour SD in the lab as well as in the wild populations of this study follow those reported in earlier studies of threespine sticklebacks from the wild (Caldecutt and Adams, 1998; Kitano et al., 2007; Aguirre et al., 2008; Spoljaric and Reimchen, 2008) . Traits related to head shape and size are larger in males, while females have longer caudal peduncles and pelvises. The lengths of the dorsal spines are also larger in the lab-reared females compared with their male counterparts. Our results are also concordant with the only study that has measured sexual size dimorphism in the lab (Kitano et al., 2007) . There was no sexual size dimorphism in the lab in either in this or Kitano et al. (2007) study, but it was observed in the wild, indicating that body size is more likely to be influenced by environmental factors than body shape. The differences in the magnitude and direction of SD between habitats in armour traits are likely to reflect local differences in selection regimes. The anterior dorsal spine is usually shorter than the second dorsal spine, Values that significantly differ between the sexes are shown in bold. Note that the lengths were measured in centimetres.
Genetics of threespine stickleback sexual dimorphism T Leinonen et al Table 2 Genetic variances (diagonal), covariances (upper off-diagonal) and correlations (lower off-diagonal) for the linear measurements in ( Genetics of threespine stickleback sexual dimorphism T Leinonen et al which forms a functional unit with the pelvic spines acting to protect the stickleback from gape-limited predators (Hoogland et al., 1957; Reimchen, 1983) . In large lakes and marine habitats, the predator fauna is generally more complex than in ponds and rivers (reviewed by Reimchen, 1994) , imposing stronger selection for the armour traits, which in turn is likely to constrain the evolution of SD in the second dorsal spine. At the same time, niche breadth is reduced in ponds compared with larger lakes, which in turn can act to reduce the extent of SD (Spoljaric and Reimchen, 2008) . This trend is also reflected in our results-SD in body shape traits is more pronounced in lake populations compared with pond populations. Although females that were clearly gravid with eggs were removed from the data set, condition and age are likely to affect the wild populations data set differently than the common garden fish, for which condition and age are standardized. This could cause discrepancies in the comparisons of females from the wild and from the laboratory populations. For instance, females from the wild might have deeper bodies because of past reproductive events. However, these types of (possible) condition-related differences are likely to be restricted to those aspects of body shape, which are affected by the volume of the abdominal cavity, and not influence traits connected to rigid bony structures, such as the length of the head or pelvic girdle.
The patterns of SD observed in the common garden fish are independent of condition and thus reflect genetically based differences between the sexes. SD of body depth therefore has genetic basis, which can be explained by the ecological differences between the sexes. Females are often more abundant in open water (for example, Reimchen, 1980) , and thus exhibit a more limnetic lifestyle than males, which in turn have a more benthic lifestyle. Males should thus benefit from body shape (deep body, short and thick caudal peduncle, long snout, long jaw) more suitable for benthic lifestyle than females, whose body shape (shallow body, long and thin caudal peduncle, short snout, short jaw) reflects adaptation to limnetic habitats (for example, Walker, 1997) . In fact, it has been suggested that the ancestral SD, as observed here in the common garden population, has provided variation on which selection could have acted on during the freshwater adaptation of threespine sticklebacks (Albert et al., 2008) . Indeed, the patterns of SD in body shape closely follow those observed in between and within freshwater populations (for example, Walker, 1997; Leinonen et al., 2006; Spoljaric and Reimchen, 2008; Aguirre et al., 2008) .
Contrary to the recent study on the genetic basis of SD in threespine stickleback body shape (Kitano et al., 2007) , our results show that SD is present already before the onset of breeding. This suggests that SD in threespine sticklebacks is likely to be influenced by differential selection because of differences in ecology between the sexes, not only by sexual selection, as has been suggested for SD in threespine stickleback head shape (Caldecutt and Adams, 1998) . Kitano et al. (2007) suggest that the occurrence of SD only after the onset of breeding implies that SD in body shape is a secondary sexual character possibly regulated by reproductive hormones. Our results are consistent with the idea that SD in traits related to body size requires the evolution of sex-specific patterns of growth and development and thus, SD in traits related to size are not restricted to the adult phase of the life cycle (Badyaev, 2002; Fairbairn et al., 2007) .
Genetic constraints on the evolution of SD Between-sex genetic correlations of the morphological traits measured here were high, with none of the r g(MF) estimates differing significantly from unity. This is congruent with the published estimates of r g(MF) for morphological traits, which are generally high (Roff, 1997; Lynch and Walsh, 1998; Poissant et al., 2010) . The lack of significant association between the level of SD and r g(MF) can be explained by the high r g(MF) estimates or the relatively low absolute values of SD. For instance, although the meta-analysis by Poissant et al. (2010) showed a significant negative correlation between SD and r g (MF) , the correlation appears to be get weaker, when only the highest r g(MF) estimates are considered (figure 4 in Poissant et al., 2010) . The presence of SD despite strong r g(MF) has been thought to imply strong sex-specific selection leading to reduction in sex-specific genetic variation, which is followed by an increase in both SD and r g(MF) (Reeve and Fairbairn, 2001) . This is a possible scenario also in the case of threespine sticklebacks. Differences in both sexual selection and natural selection (because of differences in ecology between sexes) have been suggested to contribute to the SD in threespine stickleback morphology (reviewed in Kitano et al., 2007; Spoljaric and Reimchen, 2008) . Our results indicate that the role of differential selection in male and female threespine sticklebacks should be relatively large, as inferred from the evolution of SD in traits with high intersex genetic correlations. This conclusion is also supported by the similarities in male and female genetic variance-covariance matrices and directions of g max , which in turn implies that if selection was similar in both sexes, they would be likely to exhibit similar, correlated responses to the selection.
A possible resolution to the genomic conflict in the threespine stickleback lies in the differential expression of genes, which has been shown to occur in an especially high frequency in the nascent sex chromosome (Leder et al., 2010) , to which the majority of body shape and size QTL also mapped (Albert et al., 2008; Kitano et al., 2009 ). An example from cichlid fishes shows that sexual conflict can be resolved by evolution of a new sex determination locus (Roberts et al., 2009) . It is thus possible that different levels of SD in the relatively recently derived (see Mäkinen et al., 2006) threespine stickleback populations of the present study reflect the relative ease with which the differences in the levels of SD can be achieved by regulating sex-limited expression (Albert et al., 2008) . If this is the case, the strength of differential selection between the sexes would not have to be very strong, and SD could be achieved despite of the high intersex genetic correlations.
In conclusion, our results imply that SD of threespine stickleback body shape and armour can evolve despite of genomic conflict. Similarities in the genetic basis of body shape and armour traits in males and females do not appear to constrain the evolution of SD. It is likely that sex-specific selection pressures are strong enough to overcome the genetic constraints, and/or that sex-limited gene expression can aid evolution of SD in spite of the strong genetic correlations between the sexes. These explanations are not mutually exclusive, and a goal for future work lies in combining the study of the sexlimited gene expression and quantification of sex-specific selection. The genomic tools for doing this with threespine sticklebacks already exist, and are in use (for example, Peichel et al., 2004; Leder et al., 2009; Leder et al., 2010) .
